The broad-beam and narrow-beam attenuation of C0 60 gamma rays has been investigated experimentall y, and the data are presented here. In protective barriers the gcometry necessarily requires the use of broad-beam attenuation curves to determine the rcquired barrier thickness . This papcr presents attenuation curves for lead, concrete, and steel necessar y for determining the required protection for any particular cobalt source in sturage 0 1' transportation. There is a lso included a table for shielding requirements for C060 sources of 10 millicu ries to 2 curies.
Introduction 1
Three di tinct processes arc effective in the attenuation of gamma rays; photoelectric absorption, Compton absorption and scattering, and pair production. In each of these three modes of interaction of gamma rays with matter, the gamma ray gives up all or part of its initial energy to the atom. Each of these processes gives rise to som e secondary photons of energy less than that of the primary photons and in a direction different from that of the primary photon. These secondary radiations are (a) characteristic radiation of photoionization, (b) Compton scattered photons and (c) annihilation radiation in the loss of an electron-positron pair. However , in the energy range under consideration (1.1 and 1.3 Mev) the soft characteristic radiation is readily absorbed, and the annihilation radiation is negligibly small. Therefore, all of the photoelectric, Compton absorption, and pair-production phenomena may be considered as true absorption of photon energy because the probability that secondary electrons will produce "bremsstrahlung" is very small .
As the Compton-scattered photons are always produced during the attenuation of a b eam of gamma rays, th e geometry of th e experimental arrangement for measuring attenuation may be very important. The geometry can be classified as narrow beam, 2 or good geometry; and broad beam 1 'l' h e work described hcre was supported in part by the Atomic Energy Commission.
' H. O. Wyckoff, R . J. Kell1led y, a nd W . R. Bradford. J. R esearch NBS 41,223 (1948) RP1920. Co 60 Gamma-Ray Attenuation in Concrete (see footnoLe 2) or bad geomeLry. The narrowbeam aLtenuaLion is obtained under conditions in which only a n egiligible amount of the scatter ed radiation is measured by the chamb er. Under experimental conditions, this amounts to having the irradiated area of the absorber sub tend a small solid angle at the chamber as well as the source. Thi condition can be verified experimentally by a check on the illverse square law for the radiation received by the chamber. If the inverse square relation is found to hold, the scaLtered radiation from the barriet' is negligible . If, however, the chamber is situaLed ncar the emer-O'ent side of th e absorber and the irradiated area b is large compared to the dimensions of the chamber, or if th e barrier is very ncar to the som ce there will be an appreeiable portion of the chamber ionization produeed by the secondary radiation from the absorber and a broad-beam condition will exist. For this condition the attenuation cmve is unique only for that partieular barrier-to-chamber distance and barrier-to-somce distance.
The ionization measured by the chamber may be thought of as being due to radiation from two different somces; (A) that par t of the radiation that comes directly from the souree as primary radiation, (B ) the remainder that com es from the entire irradiated volume of the absorber as secondary radiation. Several factors serve to limit the effective volume, whieh aets as a secondary somce. The path length of th e incident plus the scattered-photon in the absorber will be greater for oblique rays and, therefore, such photons have a greater probability of being absorbed. In addition the angle between the incident and the scattered photon must be greater for oblique rays and hence the photon energy smaller. This latter factor also increases the probabilityof true absorption of the photon.
The increase in dosage rate of the broad beam over the narrow beam is due to the large amount of scattered radiation in the attenuated broad beam and to the increased spectral sensitivity of the ion chamber for the very low energy scattered radiation. As the absorber thiclmess is increased from zero, there is at first an over-all increase in the ratio of the number of emergent secondary photons to the emergent primary photons. The secondary photons originate mainly through Compton scattering, and their energy is dependent on the angles through which they have been scattered. Another possible phenomenon that would increase the dosage rate when scattered radiation is measured was recently discussed by Failla. 3 He pointed out that the ionization produced in the chamber is proportional to the photon energy and the absorption coefficient in air, and that the absorption coefficient increases very rapidly as the photon energy is decreased below 70 Kev. The Compton photons having energy below this value may produce a greater effect in the chamber than the primary photon. Such scattered photons would, however, have to be of an energy below 30 Kev in order to produce such an effect for million-volt primary radiation.
These softer scattered secondaries arc more readily attenuated by the absorber than the primary radiation, and eventually an absorber thickness is reach ed at which the production of new secondaries is just balanced by their absorption in the added thickness. This effect is observed as a slight increase in dosage rate for thin absorbers and the divergence of the narrow-and broad-beam attenuation curves. The attenuation curves will be concave downward for small absorber thicknesses and are expected to become parallel to the narrow-beam curves for very large thiclmesses of absorber. The range of shielding thicknesses studied here was not sufficient to obtain this equilibrium condition. The above effect is seen to be much less for lead than for lighter Figure 1 shows the experimental arrangement. The measuring device used in this work was a cylindrical ionization chamber with ~~ in. thick Bakelite walls, approximately 10 cm in diameter :. and 10 cm in leng th con taining 824 ± 2 cc of free air. The collecting potential was 400 v , which was well above that required for saturation. The chamber was attached to one end of a 10-ft duralumin tube, the other end being connected to a brass cylinder housing the split FP-54 electrometer tube and a selection of S. S. White grid resistors ranging from 10 8 to 1011 ohms.
II. Description of Apparatus
The electrometer tube housing was supported on a movable carriage that could travel in elevation through a distance of 7 m. The duralumin tube could also b e rotated about a vertical axis through the carriage through 120 0 • The elevation and azimuth motions were controllC'd by r emote switching. A pair of selsyns indicated the position of the chamber. As a ch eck on the positioning of the chamber, a eath etom eter was used over the first m eter of elevation. Its r ea ding showed a consistent r epetition of the elevation within 3 or 4 mm of the position indicated by the selsyns.
The source of radiation was a cylinder of solid cobalt-50, 1 cm in diameter and 17~ cm in length with an apparent activity of approximately 1.75 curies. It was enclosed in a capsule of duralumin 1 mm thick for convenien ce in handling and as a protection against possible contamination of the building. The source was then placed on a supporting rod that could b e moved over a range of 4-m elevation in a pit 16 by 16 by 14 ft deep. The pit was cover ed wi th 18 in. of concrete excep t for a cen ter opening 6 by 6 ft . This opening was further reduced to 4 by 4 ft by placing ~~ in. of lead over th e outer edge of the pi t.
In th e narrow-beam attenuation determination, figure 2, a lead shield 22 cm in diameter and 45 cm long, with a conically sll aped cen ter hole converging from 7.5 to 2.5 em in diameter, was used to diaphragm th e radiation. This shield Co 60 Gamma-Ray Attenuation in Concrete was placed vertically in the center of th e pit opening so that the absorbers could b e placed directly on top of the limiting aperture. The irradiated area of the absorber was 2.5 em in diameter. The lead, copper, and tin absorber used b er e were 15 em square and 2 to 10 mm thick. The concrete absorbers were 4-and 6-1n. diameter cylinders 4 to 8 in. lon g with a density of 2.35 g/cm 3 • The steel absorber were 30 cm square and 1.27 em thiclc.
A separate exp eTiment, based on the inverse square criterion m entioned above, ' was design ed to prove that this arrangement pro vided narrowbeam attenuation data. The ch amber was placed axially 2 m from th e absorb er, and the distance from the source of the limiting aperture varied within the shield . Moving th e source over th e range of 10 to 37 cm from th e limiting aperture sbowed no change in th e dosage rate at the chamber that could not be accounted for by th e inverse square law. The cobalt was th en placcd at a fixed distance of 26 em from the limi ting aperture, and the chamber-to-ource distance was varied through a range of 0.4 to 7 m . Over th e ran ge of 1.5 to 7 m , there was no appreciable ch an ge in the dosage rate at the chamb er other than th e inverse quare varia tion. With the ch awb er fixed at 4 m from th e limi ting ap erture the above r esults indicated, tb erefor c, L h at the amoun t of scattered radiation measured by the ch amb er was n egligible and L h at Lhe narrow-beam condi tion existed.
For the broad-bcam m casuremen ts th e source was undiaphragmed a nd placed at a distance of 4 or 210 cm from the bottom of the absorbers . The concrete absorbers were blocks ft by 8 f t by 6 in. thick weighing approximately 2.5 tons each . The steel absorbers were sh eets 8 by 8 It with thickn esses of %, %, and ~~ in. The lead absorber were 2 ft by 8 ft by 7~ in. thick and overlapped 7~ in. at the joints. No joint was closer than 10 in. to a line through the center of Lhe source and chamber . The lead, b eing quite fl exible, l'equired addi tional support, so %-in. plyboarcl was placed over th e pit leaving an unsupported area 3 by 3 ft.
The spli t FP-54 electrometer was used as a null indicating system in a circuit recommended. by the manufacturer. The values of th e compensating voltage, grid leak resistance, chamber volume, temperature, pressure, and air wall correction 4 served to determine the dosage rate at
• G. C. Lawrence, Can. J . Hesearch [AJ, 15, 67 (1937). t h e chamber. All dosage m easurements were r eferred back to a distan ce of 1 m from the source. The grid leak resistance values wer e determined by calibrating a 10 9 ohm r esistance and then making frequent intercomparisons. The · unknown r esistances were th en determined from the comp ari son ratios.
III. Results
An auxiliary experiment was p erformed to determine th e amount and th e effect of extraneous scat tering from the pit walls and floor. The source was susp ended 138 cm b elow t he chamber , so that t he chamber -to-source distan ce was fix ed. The source and chamber wer e moved togeth er in eleva tion up to a distance of 7 m above the floor. The dosage rate gradually decr eased and becam e constant for elevations above 3 m. Since the source-to-ch amber distance was roughly one-fifth t h e distance to the n eares t wall, the wall sca tterin g is consider ed n egligibl e. This dosage rate corr ec ted by th e inverse square law to 1 m , was taken as t he number of roentgens p er hour a t 1 m for t hi s particular source. • ~/p is th e m ass a bsorption coefficient in cm ' gram ; ~ is the linear absorp· tion coeffi cien t in cen ti m eters-I; a nd p is t be dens ity of t bc ma terial in gram em-3• M easurements taken withou t absorbers and at various posi tions of the source showed devia tions from t h e inverse square law. The compari son between t he inverse square values and the value determined by the auxiliary experiment indicates th a t the scattering vari es from 2 p er cent with the source at the top of the pit and the chamber 40 em above the pi t, to 8 percent with the source moved down to 210 cm from th e top of the pit. Thus the scattering correction applied to those points determining the attenuation curves r ep or ted h ere was 2 percen t . The experimental enol' is eonsiclel'l'd to b e approximat ely ± 5 p ercen t .
160 Figure 3 shows the broad-beam attenuation curves for lead, steel, and concrete. The distance from th e ch amber to t h e em ergen t sid e of th e barrier is 40 cm and th e source-to-barrier distance is 4 cm. As a comparison, two points from data previously ob tained by Rob er tson 5 have b een included on the broad-beam curve for l ead. These d ata, t aken with cylindrical lead shields enclosing th e en tire source, are expec ted to b e higher due to the side-scatter and back-scatter from the lead shields. It is seen that these points are about 3 p erccnt higher than the da ta r eported here. The narrow-b eam data, table 1, indica tes that ther e is lit tle differen ce in the photoelec tric absorption in concrete and steel. On the basis of mass p C I' unit area, the concr ete and steel attenuation curves are the same. I t is exp ected that materials of atomic number between s teel and concr ete would also follow the same attenuation curves . The broad-beam attenuation curves of Nan-ow-beam attenuation curves for gamma mys from CO. GO e, Concrete; Ct , Icad; 0 , stcel; x, lcad glass; v , coppcr; 4 , tin.
figure 3 are, therefore, applicable over this range of atomic numbers provided the same mass of barrier is used. Table 1 gives the experimental absorption coefficients determined from the narrow-beam logarithmic transmission curves of figure 4. The quan tity J1.A / pZ is proportional to th e electronic absorption coefficient. This factor increases with atomic number and illustrates the importance of photoelectric absorption in materials of high atomic number. The absorption coefficients are in good agreement with those r eported by Mayneord and Cipriani. 6 As an indication that the scattering measured in the narrow beam was n egligible, the dosage rate observed with no absorber agreed with that obtained in the auxiliary exp eriment describ ed above. Figure 5 shows the experimental variation in dosage rate with distance between the chamber and barrier for different distances between source and barrier . All data have been computed back to a distance of 1 m from the source by the inverse square r elation and also have been . corrected for the scattering from the pit walls. 'rhe solid curves indicate the do age rates meas ured for the two differ ent source po itions. For these measurements, 1 ft of the outer edge of the pit , w. V. Mayneord and A. J. Cipriani, Can. J. Rescarch [AJ, 25, 303 to 314 (19m. Co 60 Gamma-Ray Attenuation in Concrete 867020-50--4 opening was covered with }~ in. of lead to reduce the scattered radiation from the pit walls and IS-in. "concrete covers" . The upp er curve of group A shows that the scattering is mainly from the sides of the pit opening in' that the abrupt change in slope occurs at the point where the chamber just falls into the shadow of the lead and no longer "sees" any of the sides of the pit opening. The dotted line at 2.33 roentgens/hI' at 1 m is the dosage rate determined by the alL\:-iliary experiment. The inerea ed dosage rate above 2.33 roentgens/hI' at 1 m for the source 4 and 210 cm from the top of the pit is due to the extraneous scattering and provides the basis for our scattering correction.
The slight positive slope of the upper CUl've of groups B , 0 , and D is due to the apparen t change in beam diameter as seen by the chamber and can be explained as follows:
vVith the source only 4 cm from the barrier, the attenuation in the outer rings of the beam is greater due to th e increased path length of the incident plus the scattered pho ton in th e barrier T he inverse square correction bas already been made. A,)<o absorber; E , 1.68 cm of steel; C, 1.9 cm of lead; D, 6 in . of concrete. Source to barrier distance: 0 , 4 em; e 210 em.
for small chamber-to-barrier distances. As the chamber-to-barrier distance increases, the pa,th length of the incident plus the scattered photon is less so that the appaI'ent b eam diameter increases. For the greater chamber distances the angle of scattering is less and the photon energy greater, thus decreasing the apparent attenuation of the radiation.
For the lower curves of groups, B, 0, and D with a source-to-barrier distance of 2.1 m. , the effective beam diameter is essentially the same for all chamber-to-barrier distances, being controlled by the pit aperture. The predominant factor in the apparent increase in attentuation is that as the chamber moves away from the barrier, less of the scattered radiation is measured by the chamber, and thus a narrow beam condition is being approached. As previously described (see footnote 1), if the barrier-to-chamber distance is made sufficiently large these curves level off at a value corresponding to the narrow-beam data for that absorber thickness .
When the data were reduced to a distance of 1 ill from the cobalt source, no attempt was made to correct for the inverse square law for the distance to the apparent barrier source, the barrier being the source of all scattered radiation.
162
l _ Table 2 gives the shielding required for cobalt-50 sources at various distances . The lead requirements were taken from data obtained by Robertson as cited by : Morgan (see footnote . 5). The concrete requirements were obtained from the broad-beam attentuation curves figure 3, the dosage rate b eing r educed to the permissible rate of 300 milliroentgens per 48-hr. work week. All thicknesses are in inch es. 
